The regulatory framework for access to the TV white space (TVWS) spectrum has been progressing rapidly in the UK and licence exempt access through a geolocation database should soon be available [1] . The characteristics of the white space devices (WSDs) that will exploit this spectrum are less well known, but a number of candidate technologies are emerging. The BBC has participated in two field trials in rural and suburban environments to evaluate the performance of three WSD candidate technologies. The range and throughput achieved for broadband applications in these UK trials is discussed.
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INTRODUCTION
To investigate the potential value of new TV white space (TVWS) devices a number of field trials have taken place in the UK. A large trial in Cambridge assessed the performance of a low power wireless broadband base station using COFDM technology. A further set of trials on the Isle of Bute in Scotland considered two alternative technologies to implement broadband links in a more challenging rural environment. Results from these trials are presented.
The availability of TVWS spectrum is influenced greatly by the interference handling characteristics of the TV receivers that will share the spectrum. This will determine the permitted power and the range of applications that can be supported. An extensive programme of tests has been conducted to assess the interference characteristics of 6 candidate white space device (WSD) technologies. Interesting trends are emerging with certain TV receiver designs showing poor resilience to some TVWS signals. This area will require attention from receiver designers to prevent interference and increase the usefulness of the TVWS band.
THE CAMBRIDGE WHITE SPACE TRIAL
The trial in Cambridge brought together a diverse range of stakeholders in a consortium led by Microsoft [2] . Cambridge has strong Digital Terrestrial Television (DTT) coverage from a single dominant transmitter at Sandy Heath and so proved an ideal location for TVWS trials with 17 channels available for the trial, at up to 10W EIRP. The BBC worked with partners from Arqiva and Adaptrum on the evaluation of a 125mW (21dBm) broadband access point using SISO COFDM technology [2] . The experimental modem was evaluated in the laboratory to determine the network throughput as a function of the received signal power and the characteristic is shown in Figure 1 . The modem shows a well behaved characteristic, switching to higher order modulation modes supporting greater throughput as the available signal to noise ratio increased.
The quality of TVWS spectrum is typically degraded by interference from distant DTT stations and the performance of the modem was evaluated operating on two TV channels to explore this effect. Channel 59 was subject to co-channel interference from the Tacolneston DTT transmitter, whilst channel 61 was a relatively clean channel. Figure 2 shows the difference in measured uplink throughput for the two channels.
The cleaner channel (channel 61), which was found to have 6dB less co-channel interference from distant DTT services, shows a higher throughput.
The differences are also apparent in the coverage predictions for the base station operating in the two channels taking account of the DTT interference expected in the network. Figure 3 shows the coverage predictions expressed in terms of the ratio between the downlink power and the received noise and interference (C/(I+N)). The reduced cell size for the TVWS base station operating in the noisier channel (59) is clearly apparent. Computer predictions and spectrum analyser measurements at the base station confirmed that channel 61 was some 6dB cleaner than channel 59. 
THE BUTE WHITE SPACE TRIAL
To assess the performance of TVWS links in a more challenging rural environment, BT installed equipment at a telephone exchange on the Isle of Bute in Scotland. Unlike Cambridge, there is no single dominant DTT transmitter for Bute and the island is at the edge of service receiving its DTT from up to 11 transmitters depending upon location. Only 3 TVWS channels could be made available by Ofcom and channel 57 (762MHz) and channel 52 (722MHz) were selected to evaluate two TVWS technologies. Analysis of DTT predictions revealed that channel 52 was a relatively clean channel and it was used to support a WiMAX network comprising a base station (BS) and 4 sets of customer premises equipment (CPEs). Channel 57, was subject to co-channel DTT interference from Rosneath and South Knapdale, which serve part of the island, and was selected for a WiFi network with 4 additional CPEs. Directional antennas were used allowing higher radiated power than that used for the Cambridge trial. Both BS were operated at approximately 36dBm (4W) EIRP.
The location of the WiFi and WiMAX CPEs and the BS are shown in Figure 4 . The WiFi BS antenna was pointed to the northwest with a back lobe providing additional coverage to the southeast. The WiMAX BS antenna was pointed north-northeast.
The impact of the co-channel DTT interference from Rosneath and South Knapdale is shown in the coverage predictions ( Figure 5) . The left hand prediction shows the coverage accounting only for noise whilst the right hand figure shows the reduction in area when the interference from Rosneath and South Knapdale DTT stations is considered in the simulation.
South Knapdale illuminates the south west of the island and Rosneath is to the north east. The CPE sites were chosen to minimise the effect of this interference. The WiMAX channels were free from DTT interference and the predicted coverage for the 36dBm base station is shown in Figure 6 .
Analysis of the TCP downlink throughput at a number of test points revealed that the WiMAX network consistently outperformed the WiFi network. This is anticipated given the use of MIMO techniques and a more efficient coordinated MAC layer. The chosen test points are shown in Figure 4 and the measured throughput rates are shown in Figure 7 . The test points are ordered according to range and it can be seen that the WiFi network achieves a greater range albeit at a lower throughput. minimum permitted ratio between the wanted DTT signal and the interfering WSD signal for stable reception, known as the protection ratio. This, together with the coupling loss between the WSD and the DTT antenna, will determine the maximum permitted WSD EIRP. The most likely interference mechanism is where signals from WSD customer premises equipment (CPE) couple into neighbouring DTT installations, causing DTT picture break-up if the EIRP is not appropriately limited. Tests have been carried out on typical DTT receivers, in order to investigate the protection ratio required to prevent WSD interference.
Protection Ratio Measurements
Fourteen DTT receivers were evaluated for resilience against interference from six candidate White Space technologies. The DTT receivers included set-top boxes (STBs), integrated digital televisions (IDTVs), and personal video recorders (PVRs). Measurements revealed that half of the receivers used can-type tuners and the remainder used silicon tuners. The interfering signals were generated from a vector signal generator replicating interference from proposed WSD technologies; both manufacturer-proprietary waveforms and established radio standards (WiMAX, Wi-Fi and LTE) were used. Waveforms representing various traffic levels from the White Space technologies were used for both uplink and downlink.
A wide variation in performance was observed among the fourteen receivers. Figure 9 shows the performance of two DTT receivers in the presence of various types of closest adjacent-channel white space interference. The amount of DTT signal needed to decode a picture in the presence of a given level of WSD interfering power is plotted.
a) Good receiver, tolerant to TVWS b) Receiver intolerant to WSD interference The performance of the receiver in Figure 9 (a) is relatively consistent for various types of white space interference. However, the receiver in Figure 9 (b) shows wide variation in performance in the presence of different types of white space interference. The results suggest that in most cases, i.e. in situations where the received DTT signal power is at its weakest (-80dBm), reliable DTT reception will be possible provided that the received adjacent-channel interference power is no greater than -45dBm.
The waveforms that caused the most interference to the intolerant receiver are characterised by having a "pulsed" nature, with frequent "on to off" transitions and a high peak to mean ratio. Such waveforms seem to adversely affect the operation of the automatic gain control (AGC) and channel state process in certain DTT receivers. Further investigations showed that the susceptibility to low-duty pulsed interference occurs even at large frequencies offsets (>72MHz), indicating that some designs have little front-end selectivity. The worst performers were all recent designs using a silicon tuner, although it should be noted that most silicon tuners have good performance.
Investigations with a Pulsed Waveform
Further investigations were carried out on a larger set of 26 receivers using one of the pulsed waveforms that had been found to provoke problems in the initial tests. The intention was to discover how widespread the vulnerability might be. Figure 11 shows the percentage of receivers from the set of 26 tested that achieved a particular protection ratio. Results for WSD signal powers of -20dBm and -40dBm are shown, using a waveform generated by a WiMAX CPE operating at a low traffic level.
Results such as these can be used by regulators to determine the protection ratios necessary for various offsets based on a requirement to protect a particular percentage of the receiver population. Given the significant spread in performance it is felt that test waveforms and performance targets should be developed to assist tuner manufacturers in the development of new designs.
The WiMAX waveform used in these tests is known to provoke AGC problems in certain vulnerable receivers and reveals performance deficiencies which are not apparent when considering interference from broadcast-like signals. It may be possible to develop future WSD technologies to avoid this problem, but measurements using simple switched waveforms indicate this may be difficult. The vulnerable receivers exhibit similar weakness in the presence of the "off to on" transition when an otherwise benign signal is switched on. Some of the proposed applications for WSDs include machine-to-machine communications (e.g. smart metering) and low demand web access. Such applications, where the signal is likely to appear intermittently for short periods, are likely to provoke sporadic picture failure as the AGC adapts to the interference.
CONCLUSIONS
Field measurements in Cambridge and the Isle of Bute have illustrated the potential value of new WSD technologies for broadband connectivity. The technology could prove particularly useful where conventional cabled technologies are uneconomic to deploy. For a 4W TVWS base station, fixed connectivity at a range of up to 5km has been demonstrated. Interference from existing DTT networks is likely to degrade performance in some channels and careful radio planning will be required to integrate such links with the existing DTT services.
The range of TVWS applications that can be supported by the new technologies will be dependent upon the performance of the incumbent DTT receivers and tests have revealed issues with certain new silicon designs. Low duty cycle uplink signals can generate 20dB or more interference when compared to steady state broadcast signals. This would appear to suggest that higher power applications should be confined to down-link only signals. Improved receiver design and less interfering WSD technologies will be required to unlock the full potential of the TV white space.
